Introduction
[2] Broadband seismometers deployed on active volcanoes have proved extremely useful for assessing upper conduit dynamics [Neuberg et al., 1994; Kumagai et al., 2001] . The combination of such seismic records and lowfrequency acoustic signals (infrasound) has led to improved resolution for studies of explosive volcanic events [Johnson et al., 2004] . In this article we combine data from two broadband stations and infrasonic sensors to investigate an explosive event which occurred at the Soufrière Hills volcano with little precursory activity.
[3] Soufrière Hills volcano (SHV) is situated on the island of Montserrat at the northern end of the Lesser Antilles volcanic arc. The activity since 1995 has been characterised by the repetitive growth and subsequent collapse of several andesitic lava domes, producing vigorous pyroclastic flows and episodic vulcanian explosions [Watts et al., 2002] .
[4] Magma extrusion halted three weeks after a major dome collapse on the 12th July 2003, with only a small dome (radius $50 m) emplaced. In January 2004 small amplitude low-frequency earthquake swarms began to occur irregularly, with low-level tremor reported at the end of February. This activity culminated on the 3rd March with an explosion from beneath the small dome. The event was unusual as it did not have the distinctive precursory lowfrequency seismicity observed in the hours before previous explosions at SHV [Druitt et al., 2002] . An eruption column approximately 6 km high was formed and vigorous ash venting continued for 16 hours. During the event a partial collapse of the so-called North-West buttress occurred. The buttress was composed of remnant dome material extruded in 1997 and formed part of the July 2003 collapse scar wall (Figure 1 ). Although visual observations of this slope failure were obscured it possibly produced the pyroclastic flows that entered the sea off Tar river valley.
Data Acquisition
[5] We analyse data from a multi-parameter station located at Lee's Yard (Figure 1 ), which is situated $1.6 km from the active dome. Seismic data, sampled at 100 Hz, was recorded by a Guralp 120 s broadband instrument. Only vertical seismograms were available as the horizontal components were not centred. Infrasonic signals were recorded on 6 Setra pressure transducers. We use only one pressure sensor due to its superior signal-tonoise ratio resulting from its location in dense foliage which reduced wind noise.
[6] Broadband seismic data (30s Guralp 40T instrument) was also made available from the Montserrat Volcano Observatory station at St. George's Hill (Figure 1 ), recorded at a sampling rate of 75 Hz. Only the vertical seismogram was used in the analysis due to high amplitude lowfrequency noise on the horizontal components. All times are in Greenwich Mean Time (GMT).
Data: 3rd March 2004
[7] The event is first recorded as an emergent signal on the velocity seismogram at 18:44:30 GMT (Figure 2a ). This lasts for $30 s, has a pronounced spectral peak at 2.4 Hz and attains an amplitude an order of magnitude larger than low-frequency earthquakes recorded in the months prior to the event. The next phase of seismicity is characterised by a series of 8 extremely short duration ($8 s) large amplitude bursts of energy. They contain frequencies up to 30 Hz, compared to the spectral ranges between 0.5 and 10 Hz observed for low-frequency earthquakes at SHV [Neuberg et al., 1998 ].
[8] Short duration pulses recorded on the pressure sensor between 6 and 20 Hz (Figure 2c ) are associated with the high-frequency energy on the vertical seismogram. These do not show the classic N-shaped signature associated with explosive events [Morrissey and Chouet, 1997] . Relative to the seismic pulses, their arrival times are consistent with events occurring at, or close to, the remnant dome.
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emergently 80 s after the onset of the seismicity, reaches a maximum after $20 s and then decays slowly to the background noise level over the next 13 minutes.
[10] Broadband seismometers can record signals with periods over 100 s, referred to as ultra-long-period (ULP) signals [e.g., Richter et al., 2004] or very-long-period signals [e.g., Kaneshima et al., 1996] . For the March 3rd event at SHV the amplitude spectrum of the vertical seismogram ( Figure 3 ) shows a pronounced broad peak centred at a period of approximately 120 s. In the timedomain ( Figure 2b ) this is coincident with the onset of the event on the velocity seismogram and produces a long-duration oscillating signal distinctly different from the instrument impulse response. However, as shown in Figure 3 , the instrument response is reduced at periods greater than 120 s. Therefore, in order to interpret this displacement curve, the effect of the limited seismometer bandwidth needs to be considered.
Modelling Ground Displacement
[11] A broadband seismometer outputs velocity records, which represent bandlimited, time-differentiated, ground displacement histories. The bandpass filter, referred to as the instrument response, is a frequency dependent function of both signal gain and phase. Two approaches may be employed to retrieve a signal more representative of the true ground motion from this filtered output. In the first the instrument response is removed through deconvolution to produce a 'corrected' seismogram [e.g., Zhu, 2003 ]. This has the inherent problem that any low-frequency noise is greatly amplified. The second method involves constructing synthetic seismograms by choosing a time-displacement function to which the instrument response is applied. We prefer the second method as it avoids amplification of low-frequency noise. However, the choice of the ground motion function is unconstrained for frequencies outside the seismometer bandwidth. Hence, the choice for the best fitting synthetic displacement is non-unique.
[12] The velocity seismogram was low-pass filtered with a cut-off frequency of 0.1 Hz, chosen as it removed the large amplitude high-frequency component which obscures the ULP signal without altering the shape of this oscillation. Simple synthetic displacement functions were constructed and tapered ramp functions were found to generate synthetic velocity seismograms of the correct shape. The instrument response was applied to these displacement curves and the results were subsequently differentiated and low-pass filtered to make them directly comparable to the data. Due to the enhanced sensitivity to changes in ground motion the waveform fitting was applied to velocity-, rather than displacement-, seismograms.
[13] To find an optimal fit to the data we conducted a grid search using the Richards growth equation [Richards, 1959] , a generalised logistic curve controlled by three parameters: the curve growth rate, the time of maximum growth and an asymmetry parameter controlling the time of the maximum growth relative to the asymptotes of the curve. The best fit models, and the corresponding data, for both stations are shown in Figure 4 . 95% confidence intervals were estimated from the variability in the second eigenvalue of the covariance matrix using the methodology of Silver and Chan [1991] .
Source Depth of Event
[14] Locating the depth at which deformation was initiated proved difficult without horizontal seismograms. We estimated the source depth of the ULP event using the ratio of the displacement amplitudes at Lee's Yard and St. George's Hill ('3.5), which is sensitive to changes in source elevation.
[15] We model the deformation field using the Boundary Element code of Cayol and Cornet [1997] which calculates the effect of pressure reservoirs placed underneath realistic topography. Due to the paucity of data we restricted the models to isotropic volumetric pressure sources buried at a series of depth levels underneath the volcanic edifice. The effect of an anisotropic source is unknown, yet such complexity is unjustified without more data constraints. The amplitude ratio could not discriminate between spherical and cylindrical sources, yet both fit best when the centre of the source was located at between 300 m and 400 m above sea level ( Figure 5 ). This corresponds to a location approximately 300 m below the surface. These depth values do not depend on source radius or overpressure. As these depths are at higher elevations than the seismic stations, an implosive, or collapsing, source is required to achieve upward motion at the recording sites. This demonstrates the importance of including accurate topography when modelling the deformation of steep flanked volcanoes [Cayol and Cornet, 1998 ].
Interpretation
[16] The low-frequency earthquake swarms occurring in the two months prior to the March 3rd event are suggestive of magma movement and gas pressurisation within the upper conduit [Sparks, 1997] .
[17] We interpret the initiation of the March 3rd event to be due to the collapse of a gas-charged region within the upper edifice, approximately 300 m below the surface. The reason for the initiation is unclear although no catastrophic failure, producing a detectable high amplitude seismic event, appears to have occurred. This collapse released overpressured gas which rose through cracks opening within the shallow conduit system, possibly causing the 2.4 Hz seismic resonance.
[18] As the shallow edifice collapsed, the North-West buttress, perched on the crater wall, became unstable. The buttress, comprised of remnant dome material, failed along internal zones of weakness [Sparks et al., 2000] and collapsed in discrete blocks. Each block fell to the crater floor (Figure 1) , resulting in the high frequency seismic and infrasonic pulses as the gas-charged material exploded upon impact. Similar signals were observed by [Oshima and Maekawa, 2001] during dome collapse at Mt. Unzen, Japan.
[19] The gas expelled from the shallow collapsing region reached the surface $80 s after the start of the event, causing vigorous ash venting which produced the continuous tremor-like infrasonic signal around 1.4 Hz. As this occurred, the edifice collapse abruptly stopped, represented by the displacement curve levelling off. Subsequent ash venting originated from both the upper conduit system and probably the gas-charged material exposed after the buttress collapse.
[20] This interpretation hinges upon the pressurisation of the upper conduit, presumably by a trapped gas phase. This is similar to the models of Druitt et al. [2002] and Stix et al. [1997] who suggest fragmentation of overpressured magmatic foam as the cause of vulcanian explosions at SHV and Galeras, Columbia, respectively.
Conclusions
[21] The ultra-low-frequencies (>100 s) recorded by broadband seismometers improve the interpretation of extended volcanic events by allowing longer timescales to be studied. However, although true ground displacement histories cannot always be retrieved completely, reliable interpretations can only be made if the response of the seismometer is accounted for. This article highlights the importance of multi-parameter studies for understanding the source characteristics and mechanisms of complex event sequences at active volcanoes. Here broadband seismic and infrasonic signals have been used to discriminate between phenomena occurring within or at the surface of the volcanic edifice. This has improved the chronology of an event containing a shallow collapse, a buttress failure, and plume building ash venting. 
